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DOUGLAS L., HIROE K. NAKAZAWA, ANDFRANCIS J. KLOCKE. Origin of great cardiac vein and coronary sinus drainage within the left ventricle. Am. J. Physiol. 230(Z): [486] [487] [488] [489] [490] [491] [492] 1976. -The relative contributions of left anterior descending (LAD) and left circumflex (LC) arterial inflow to blood sampled at various points within the great cardiac vein (GCV) and coronary sinus (CS) have been investigated in open-chest dogs. Dissolved helium (He) and hydrogen (H,) were infused into external circuits perfusing the LAD and LC, respectively, and their steady-state concentrations were measured chromatographically at various points within the GCV and CS. Under basal conditions GCV H, averaged only 5%) of mid-CS H, and did not change greatly during alterations of preload and afterload or during selective LAD or LC obstruction and vasodilation.
The relationship of mid-CS He to GCV He was more variable under basal conditions and changed noticeably during selective changes in LAD or LC inflow. Appreciable amounts of He were present consistently in left marginal vein drainage. We conclude that: 1) GCV blood is remarkably free of LC inflow in both normal and abnormal physiological states; 2) the origin of mid-CS blood is more variable, both from animal to animal and in individual animals before and after interventions;
3) a portion of LAD drainage normally reaches the CS through circumflex venous branches rather than the GCV. coronary venous drainage; anterior descending vs. circumflex outflow; regional venous sampling; coronary venous interconnections MEASUREMENTSOFREGIONALMYOCARDIALFLOW and metabolism frequently involve the sampling of venous blood presumed to originate from a localized area within the left ventricle. In closed-chest animals and man, regional venous sampling most commonly involves positioning of a cardiac catheter at a specified point within the coronary sinus (CS) or its main tributary, the great cardiac vein (GCV). The GCV arises as the anterior interventricular veins reach the atrioventricular groove. Near its origin, it is known to contain venous blood draining primarily from myocardium supplied by the anterior descending coronary artery (6). As GCV outflow passes into the CS and toward the right atrium, it is diluted progressively by outflow from tissues supplied by the circumflex artery. One major channel for circumflex drainage is the left marginal vein. The present study was intended to define the relative contributions of anterior descending and circumflex arterial inflow to venous outflow sampled at different points within the GCV-CS system. The experimental plan was to "label" anterior descending and circumflex inflow simultaneously with two different nonrecirculating tracers and to measure the steady-state concentrations of the tracers in blood sampled at the origin of the GCV and various points within the CS. In some experiments, blood was sampled from the left marginal vein in order to clarify the functional role of venous interconnections known to exist between geographically separate areas of the left ventricle (7, 12).
METHODS
The experimental preparation is shown in Fig. 1 . Mongrel dogs weighing from 20 to 53 kg were anesthetized with pentobarbital sodium, intubated, and placed on a constant-volume respirator. The heart was exposed through a left thoracotomy and suspended in a pericardial cradle. The initial l-l. 5 cm of the anterior descending and circumflex divisions of the left coronary artery were isolated and prepared for perfusion through external circuits. The latter were designed to allow selective infusion of different dissolved inert gas tracers into the two arterial beds. Both circuits were supplied with blood at the animal's own arterial pressure through a Yshaped cannula inserted into the left subclavian artery. Each included an infusion port and mixing chamber and terminated in a 2-mm-ID metal cannula. The cannulas were secured in the anterior descending and circumflex arteries after ligation of the proximal arterial segments. In several cases an extracorporeal sine-wave electromagnetic flowmeter (model 2031-T, Biotronex Lab. Inc. > was included in one or the other of the perfusion circuits just upstream to the infusion port and mixing chamber. Preliminary in vitro tests indicated that the pressure drop across each circuit was only 5 mmHg at a flow of 50 ml/min and that concentrations of infused tracers were constant within ~5-l0% distal to the mixing chambers.
In six animals, venous blood was sampled through an 8F Shirey catheter (model 5436, U.S. Catheter & Instrument Co., Billerica, Mass.) at the origin of the great cardiac vein and, as the catheter was withdrawn in stepwise fashion, at three or four additional points within the coronary sinus.
In 23 animals, two Shirey catheters were employed simultaneously, one being positioned within 0.5-1.0 cm of the origin of the great cardiac vein and the other 2-3 cm within the coronary sinus. catheters are subsequently referred to as the GCV and mid-CS positions. The GCV position was chosen to represent the most selective sample of left anterior descending drainage ordinarily available in closed-chest animals and man. The CS position was intended to provide as complete as possible a sample of total left ventricular outflow while still avoiding right atria1 admixture (15). As expected, on postmortem examination, the CS position never appeared to include drainage from the posterior interventricular veins. In four animals, a Shirey catheter was positioned at the origin of the GCV and a second, smaller polyethylene catheter (1.25 mm OD) was manipulated into the left marginal vein and positioned so that its distal tip was 2-3 cm upstream of the junction of the marginal vein with the CS. Observations were made before and after ligation of visible epicardial vascular connections (arterial and venous) between the anterior descending and circumflex beds. Catheter positions were checked frequently in all experiments and did not change spontaneously.
Solutions containing dissolved inert gas tracers were prepared by bubbling helium (He) and hydrogen (H,) through individual flasks containing isotonic saline for 20 min. The He and H, solutions were transferred into glass syringes for delivery by gear-driven in fusion pumps into the anterior descending and circumflex perfusion circuits, respectively.
For each determination of venous drainage pattern, 2.0-ml venous samples were drawn in triplicate 15 min after the onset of simultaneous infusion of both tracers at a rate of 3.6 ml/min. Peak rates of venous withdrawal were less than 10 ml/min. Concentrations of He and H, in each venous sample were quantitated by gas chromatography and results expressed as the ratios between GCV and CS H, concentrations and CS and GCV He concentrations. As discussed subsequently, the GCV-to-CS H, ratio reflects the degree to which left circumflex outflow enters the great cardiac vein and the CS-to-GCV He ratio reflects the degree to which anterior descending outflow is diluted by circumflex outflow in the coronary sinus. The chromatographic technique was identical to that previously described for H, analysis (23) except that a 12-foot rather than a 6-foot column of activated charcoal was employed (the longer column being needed to achieve adequate separation of H, from He).
After the above experiments, three additional animals were studied with thermal indicator and in situ temperature measurement in order to verify findings relating to venous interconnections between myocardium supplied by the anterior descending and circumflex arteries. The same external perfusion circuits were employed but the venous sampling catheters were replaced with two 0.97-mm-OD thermistor catheters having a response time of 0.1 s (model 520X, Yellow Springs Instrument Co., Yellow Springs, Ohio). Thermistor resistances were measured with Wheatstone bridges; precalibration of the two catheters indicated that temperature-related changes in resistance were within a few percent of each other between 35 and 39OC. The thermistor catheters were positioned in the anterior interventricular vein near the atrioventricular groove and in the left marginal vein 2-3 cm upstream of its junction with the CS. Recordings were made during injection of roomtemperature saline into the anterior descending arterial perfusion circuit, the circumflex arterial perfusion circuit, and the great cardiac vein (through another conventional catheter).
RESULTS
Figure 2 illustrates relative concentrations of He and H, at various points within the coronary venous system in the six animals in which blood was sampled at several positions sequentially with a single catheter. The highest concentration of each tracer has arbitrarily been assigned a value of 100 and other concentrations scaled accordingly. Hydrogen concentrations are only a few percent of maximum levels in the great cardiac vein but increase progressively as outflow is sampled nearer the CS ostium. Helium concentrations are highest in the GCV and decrease as blood is sampled nearer the CS ostium. Table 1 lists findings in the four animals in which blood was sampled simultaneously in the great cardiac vein and the left marginal vein. The H, concentrations in the great cardiac vein are only 2-5s of H, concentrations in the marginal vein, whereas He concentrations in the marginal vein are 16-45s of those in the GCV. Figure 3 illustrates a representative tracing from an animal in which room-temperature saline was employed as indicator and intravascular temperatures were measured directly in the anterior interventricular and left marginal veins. Noticeable cooling occurs in the left marginal vein after saline injection into the circumflex perfusion circuit, but anterior interventricular temperature is unchanged. After injection of saline into the anterior descending perfusion circuit, both venous temperatures decrease. Identical findings were obtained in each of the three animals studied. As also illustrated in Fig. 3 , marginal vein temperature never decreased detectably after GCV injection of saline. 5 . None of the three animals studied showed an appreciable change in the ratio of GCV to CS Hz concentration. Ratios of CS to GCV He did vary, by absolute levels of 0.19, 0.07, and 0.12. Figure 6 illustrates relationships between GCV and mid-CS tracer concentrations before and after changes in afterload and preload. Increments in afterload were produced by constriction of the descending aorta suffrcient to increase proximal systolic pressure by 57 k 16% (85 2 14 mmHg to 132 k 15 mmHg). Preload changes were effected by saline infusions sufficient to increase mean left atria1 pressure from 5.2 -+ 2.7 to 20 k 1.6 mmHg. Changes in the ratio of CS He concentration to GCV He concentration were variable after both interventions and did not achieve statistical significance (paired t). The GCV-to-CS H, ratios either showed no He GCV 000 J *p-y* H2GCV r-4 + % 0.085 pg/kg per min. Recirculation of vasodilator was negligible because of dilution in the remainder of right heart output and normal clearance of prostaglandin El within the pulmonary circulation (10, 18, 22). The LAD inflow increased by 75, 89, and 84%) in three animals; the ratio of GCV to CS H, concentration did not change noticeably but CS He increased from 56 t 6% to 68 2 5% of GCV He (0.05 < P < 0.10). Flow increments were measured in three of four animals during circumflex infusion and were 91, 100, and 67% of control values. Ratios of GCV to CS H, concentration did not change significantly but CS He concentration decreased from 64 t 5.4% to 48 t 7.8% of GCV He concentration (p < 0.01).
DISCUSSION
Most previous studies of coronary venous drainage patterns have compared outflow from the coronary sinus and outflow from the entire heart, with a particular view toward using coronary sinus drainage in studies of flow and metabolism for the entire left ventricle (9, 17). Experiments in the canine heart have demonstrated that right ventricular drainage contributes negligibly to coronary sinus outflow (6, 9, 21). The latter originates almost exclusively from left ventricular myocardium and includes 80-85% of left coronary inflow (21 change or increased slightly. The mean increment during increased afterload was from 1.7 * 1.4% to 2.8 t 2.0% (P < 0.05) and during increased preload was from 2.0 t 1.3% to 3.8 -+ 2 9% (0.05 < P < 0.10).
, Alterations related' to selective reduction of anterior descending and circumflex inflow are shown in Fig. 7 . Reductions in inflow were produced by applying a screw clamp upstream to the mixing chamber in the appropriate external perfusion circuit. Flow reductions averaged 69 t 16% in the anterior descending artery and 76 t 15% in the circumflex artery. During restricted anterior descending inflow, GCV Hz concentration increased from 5.1 t 3.9% to 11 t 7.1% of CS H, concentration (0.05 < P < 0.10). The CS He concentration decreased noticeably, from 63 t 8.6 to 35 * 10% of GCV He concentration (.P < 0.005). During restricted circumflex inflow, GCV Hz concentration decreased from 3.7 t 2 9% to 1 3 + 1 4% of CS H, concentration (p < 0.05) and CS He cdrkntration increased from 55 t 14% to 70 t 17% of GCV He concentration (p < 0.005).
Interventions designed to increase anterior descending or circumflex inflow selectively are shown in Fig. 8 . Prostaglandin El, a vasodilating agent, was infused into the appropriate external perfusion circuit in a dose of outflow directly into the right heart (19), and flow through the left anterior atria1 artery, which sends a portion of its drainage into the left atrium (9). Thus, in the dog, coronary sinus outflow originates predominantly from the free wall of the left ventricle and is derived essentially entirely from the anterior descending and circu mfle x divisions of the left c oronary artery. Although it has not been possib le to obtain similar inform&ion in man, the postmortem injection studies of Hood (11) suggest that human coronary sinus outflow also originates predomi nantly from left eardium. Septal veins connect with th entricular coronary and its tributaries to a greater degree than in the d (20>, and more than 95% of veins > 1 mm in d iameter myosinus -og in the septum and free wall drain via the coronary sinus Information about the origin of blood sampled at various points within the coronary sinus and great cardiac vein has been limited. In a study designed to explore the feasi bility of quantitating left coronary inflow from coronary green S inus indicator-dilution curves for indocyanine Friesinger et al. (6) verified that left circumflex drainage enters the coronary sinus relatively near the coronary sinus ostium, whereas anterior descending drainage predominates in blood sampled upstream. These findings are confirmed by the data in Figs. 2 and 4. The data in Table 1 and Fig. 3 add information about the functional role of venous interconnections between geographically separate areas of the left ventricle. The prolonged period of tracer infusio n assured even saturation of the anterior descending and circumflex beds by He and Hz, respectively. The use of the inert gases also precluded significant recirculation of indicator. As each drained into the right atrium and was mixed with the noncoronary portion of venous return, its coronary venous concentration decreased by a factor of -20. Because of the low solubility in blood of He and Hz, a further reduction in concentration, of at least another 20-fold, occurred as each gas traversed the pulmonary circulation (14)' Thus, the presence of He in blood sampled from the left marginal vein (Table 1) implies that a portion of anterior descending inflow normally reaches the coronary sinus through circumflex venous branches rather than the great cardiac vein. This conclusion is reinforced by the cooling noted in the left marginal vein after anterior descending injection of saline (Fig. 3) . Although arterial as well as venous interconnections exist betw 'een the anterior descending and circumflex beds, the venous interconnections are presumed to be the functionally important ones in the present experi-' In a few preliminary experiments, left circumflex inflow was sampled during GCV infusion of dissolved He and H2 and analyzed chromatographically.
Neither tracer was ever present in a measurable amount, confirming the absence of recirculation.
ments. Previous studies indicate that potential arterial collateral vessels are nonfunctional prior to acute occlusion (2, 16) and that a very limited amount of arterial collateral circulation occurs after acute occlusion of either the anterior descending or circumflex artery (8).
In addition, arterial injections of radioactive microspheres were employed in conjunction with venous sampling in animaZ 4 of Table 1 ; 7-to lo-pm spheres labeled with 46Sc were injected into the anterior descending artery and similar spheres labeled with Wr into the circumflex artery immediately after the control He and H, measurements. Essentially lOOt% of these spheres are trapped in precapillary vessels (1, 4) . After fixation of the heart at the completion of the experiment, fullthickness transmural sections were examined for 46Sc and ""Sr activity by conventional counting techniques (4). The 46Sc activity was localized sharply to the area perfused by the anterior descending artery, with activity in tissue adjoining the left marginal vein being <l% of activity in tissue adjoining the anterior interventricular vein. The YSr showed a directionally opposite distribution, with activity in tissue adjacent to the anterior interventricular vein constituting only l-2% of activity in tissue adjacent to the left marginal vein. Thus, the anatomical venous interconnections known to exist between geographically separate areas of the canine left ventricle play a significant role in anterior descending drainage, a portion of this drainage normally reaching the coronary sinus through circumflex venous branches rather than the great cardiac vein. The findings in Table 1 and Figs. 2-8 indicate that circumflex drainage does not travel "retrograde" through the same interconnections to an appreciable degree, either under basal conditions or during a variety of physiological interventions. Normal pressure gradients within the coronary venous system would seem a reasonable basis for the functionally unidirectional nature of the interconnections.
The data in Figs. 4-8 were intended to evaluate, in a reasonably large series of animals, the origin of blood sampled in the two positions representing the greatest separation that can usually be achieved in the closedchest situation. The data are expressed as the ratios of GCV to CS H, concentration and CS to GCV He concentration. The GCV-to-CS H2 ratio may be thought of as an indicator of the degree to which left circumflex inflow drains into the great cardiac vein near its origin. The inability of the CS catheter to include drainage from posterior interventricular veins could cause this ratio to overestimate the fraction of circumflex outflow entering the GCV. However, the degree of overestimation is probably small, particularly if posterior interventricular drainage contains anterior descending as well as circumflex outflow. The consistently low values of the GCV-to-CS Hz ratio, both at rest and during interventions, indicate that blood sampled near the origin of the great cardiac vein remains remarkably free of circumflex outflow in a variety of physiological states. Even during severe obstruction of LAD inflow, GCV H, averaged only 11% of CS HZ, as opposed to 5% of CS H, in the control state. Although pressure in the anterior interventricular veins was probably less than in the mar-ginal veins during LAD obstruction (5), the small increment in the GCV-to-CS H, ratio may well have reflected only the reduction in LAD flow. Values for the ratio of CS to GCV He concentration can be thought of as reflecting the degree of dilution of anterior descending drainage by circumflex outflow. These ratios need to be considered not only in light of posterior interventricular venous drainage but also with regard to the contribution to GCV blood of drainage from proximal diagonal branches of the LAD, which contained neither H2 nor He (Fig. 1) . Postmortem injection studies indicated that these "unlabeled" segments averaged 14 t 7% of the weight of the left ventricular free wall (excluding the septum). Their drainage no doubt often caused measured GCV He concentrations to be less than anterior interventricular vein He concentrations, thereby adding to the variability of the CS-to-GCV He ratio. Coupled with the knowledge of LAD drainage through circumflex venous branches, these limitations make it diffrcult to construct equivalent two-or three-compartment models of coronary venous drainage that have detailed quantitative meaning. 2 Figures 7 and 8 do make it clear, however, that, at any given point within the coronary sinus, the fractions of sampled outflow originating from the anterior descending and circumflex arteries can change appreciably during altered physiological states. The relative contribution of anterior descending drainage decreases during selective LAD obstruction or LC vasodilation and increases during selective LC obstruction or LAD vasodilation. On the basis of the present findings, we conclude that blood sampled near the origin of the great cardiac vein originates almost entirely from anterior descending inflow in abnormal as well as normal physiological states. Blood sampled in the coronary sinus has a more variable origin, both from animal to animal and in individual animals before and after selective changes in LAD or LC inflow. The degree of variation in the coronary sinus probably results primarily from differences in the fractions of total left coronary inflow going to the anterior descending and circumflex beds. However, it also includes any variability related to incomplete venous mixing within the coronary sinus, undetected variations in catheter position, etc. The implications of the present findings for investigations of the coronary circulation depend on which of the many aspects of coronary perfusion is being evaluated. Measurements of average flow per unit weight of myocardium with diffusible tracers should continue to give correct values when perfusion is heterogeneous, as long as even saturation is achieved throughout the tissue represented in the sampled drainage and prolonged venous-arterial differences in tracer concentration are resolved appropriately (13). Such measurements should remain accurate during interventions that accentuate the degree of heterogeneity of perfusion as long as basic patterns of venous drainage from localized segments of myocardium are not altered. On the other hand, interpretation of arterial-venous differences of "metabolic"
indicators, such as oxygen or lactate, may easily be confounded by a change in the proportions of sampled outflow arising from the anterior descending and circumflex beds (3). Thus, generalizations about the limitations of regional venous sampling are difficult and, at least for the moment, individual studies must be evaluated on the basis of the particular parameters being measured.
